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A method of establishing statistically valid assay means and ranges for quality control materials, used to qualify medical testing
machines, utilizes tests on a new lot of quality control material to establish an assay mean, and uses data from a database of
historical test results to establish an assay range. The system may estimate the variability of test results from prior lot data, and then
compute the limits of the assay range such that a new test on a new lot of the quality control material will be expected to fall within
the range with a specified probability. Because historical data is used to estimate the test variability, the number of new tests
required to specify a statistically valid mean and range may be dramatically reduced, as compared with establishing the mean and
range based only on tests of the new lot of material.
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ABSTRACT

A method of establishing statistically valid assay means and ranges for quality control materials,
used to qualify medical testing machines, utilizes tests on a new lot of quality control material to
establish an assay mean, and uses data from a database of historical test results to establish an
assay range. The system may estimate the variability of test results from prior lot data, and then
compute the limits of the assay range such that a new test on a new lot of the quality control
material will be expected to fall within the range with a specified probability. Because historical
data is used to estimate the test variability, the number of new tests required to specify a
statistically valid mean and range may be dramatically reduced, as compared with establishing

the mean and range based only on tests of the new lot of material.
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SYSTEM AND METHOD FOR PRODUCING STATISTICALLY VALID
ASSAY MEANS AND RANGES FOR QUALITY CONTROL
MATERIALS

CROSS REFERENCES TO RELATED APPLICATIONS
This Patent Cooperation Treaty application claims priority to US Patent Application Number
13/074,649, filed March 29, 2011, entitled “System and Method for Producing Statistically

Valid Assay Means and Ranges for Quality Control Materials,”

BACKGROUND OF THE INVENTION
Certain medical tests have become highly automated. For example common tests such as
measuring a patient’s cholesterol levels or blood sugar, testing for the presence of drugs in a
subject’s blood or urine, or measuring other aspects of a patient’s blood chemistry can now
be performed by automated testing machines at rates up to thousands of tests per hour. Ina
typical test, a sample such as a quantity of a patient’s blood is reacted with a rcagent, and the
resuliing product studied to determine the presence or amount of a particular analyte in the

sample. The reagent may be specifically designed for the performance of the particular test.

Because important medical decisions may be made on the basis of the test results, it is highly
desirable that the testing machines be qualified periodically to maintain confidence that the
roachines are operating properly, or 10 try to detect when the machines are not operating
properly. In fact, U.S. government regulations require such periodic validation. By
regulation, each testing machine must be qualified at least once per day for any day that

patient testing is performed.

Qualification may involve tesiing a sample having known characteristics, and checking
whether the machine produces 2 test vesult that agrees with the known characteristics. If so,
the machine may be assumed to be operating properly, and if not, the operation of the

machine may be suspect.

Machine qualification thus requires the ready availability of test samples having known
characteristics. These test samples used for machine qualification may be called “quality
control materials”. Because a single testing machine may be able to perform a large number

of different tests, including testing for an analyte using different reagents, and because festing
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machines from different manufacturers may perform tests differently, the number of guality
control materials that must be readily available is very large, in order to qualify every kind of
machine in the performance of every test it is capable of. For at least some tests, for exanple
tests that test for vnusual conditions in human tissue or unstable analytes, it may be
impracticable to maintain a reserve of actual biological samples having known
characteristics, 5o the quality control material may mimic the behavior of an actual biclogical
sample. Quality control materials are preferably stabilized, so that they can be stored for long
periods. For example, some quality control yaaterials are lyophilized at the time of

manufactire, and reconstituted for use.

Hecause of natural variability in the process of manufacturing quality control materials, each
new lot of a particular quality control material is characterized at the time of its manufactore,
to determine a range of test result values within which a result from a test of a sample from
the lot is expected, with a speciticd probability, to fall when the quality control material is
tested using a testing instrument that is operating properly. A mean value is also typically
published. These means and ranges, known as assay means and ranges, are published for the
use of testing laboratorics in the qualification of their machines. Means and ranges may be
published for each possible combination of testing machine model and quality control

material, or testing method and guality control material,

Kecent guidance from the U.S. Food and Drug Administration requires that published assay

means and ranges for quality control materials be statistically valid.

BRIEF SUMMARY OF THE INVENTION
According to one aspect, a method of establishing a statistically valid assay mean and assay
range for a particular lot of a quality control material comprises testing a number of samples
from the particular ot of the quality control material and obtaining a test result from cach
sample, and computing a mean of the test results. The uncertainty in the estimate of the mean
is also computed. The method further comprises accessing a database of historical test resalts
obtained from tests performed on prior lots of the quality control material, and computing at
feast in part from the historical test results a variability estimate that is an estimate of the
variability of test results obtained from tests performed on at least one prior lot of the quality
control material. A target probability is specified, which a new gealification test resulbt
performed on a sample of the new lot of quality control material will fall within the assay
range. The method further comprises conputing, based at least in part on the mean, the

uncertainty in the estimate of the mean, and the variability estimate, a range of test result

2
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values within which a result from a qualification test of a sample from the particular lot of the
quality control material is expected to fali, with the target probability. The method may
further comprise testing the samples from the particular ot of the quality control material to
obtain the test results, The method may further comprise outputting the range, In some
embodiments, computing the variability cstimate comprises computing at least in part from
the historical test resolts an estimate of the umcertainty of the mean, computing at least in part
fron the historical test resulis @ within-instrument variability estimate that is an estimate of
the variability of test vresults obtamed using a siugle testing instrument on at least one prior lot
of the quality control material, and computing at least in part from the historical test resulis a
between-insirument variability estimate that is an cstimate of the variability of test results
obtained using different tosting instruments on at least one prior lot of the quality control
material; and computing the range based at least o part on the mean and the variability
cstimate compriscs computing the range based at least in part on the mean, the estimate of the
uncertainty of the mean, the within-instroment variability cstimate, and the between-
instrument variability estimate. In some embodiments, the method further comprises setting
an upper limit for the percertage of the assay range that is due to uncerfainty in estimating the
mean, and establishing a sampling plan, based at least mn part on the within- and between-
instrument variability estimates, to achieve an assay range having a percentage of its width
due to uncertainty in estimating the mean, the percentage being at or below the upper limit.
In some embodiments, the within-istrument vartabality estimate s derived from an average
of variances, cach variance being the variance of test results from a respective one of g
plurality of instruments. In some embodiments, the between-instrument variability estimate
is derived from a variance of averages, each average being an average test result from a
respective one of a plurality of instruments. In some embodiments, the estimate of the
mncertainty of the mean is a standard error of the mean, and the standard crror of the mean is
computed based at least in part on estimates of variability derived from the database of
historical test results, In some embodiments, computing the variability estimate at least in
part from the historical test resolts comprises accounting for an observed relationship
between the mean and the variability of test results. In some embodiments, computing the
variability estimate at least in part from the historical test results comprises performing a
regression using the historical test results to characterize the relationship between the mean
and at least one component of the varigbility, and adjusting the variability estioate based on
the mean and the relationship. In some embodiments, computing the variability estimate at
fcast in part from the historical test results comprises identifying a specific prior lot of the

quality control material that has a mean test result comparable to the mean computed from

(S
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the test results from the particular ot of quality control material, computing a variability of
test results obtained from tests of the specific prior lot of quality control material, and
assigping to the particular lot of quality control material a variability estimate that is equal to
the computed variability of test resulis from the specific prior lot of quality control material.
In some cnibodiments, computing the variability estimate comprises computing at least in
part from the historical test resolts an estimate of the imcertainty of the mean, computing at
teast in part from the historical test resulis @ within-laboratory variability estinmate that is an
estimate of the variability of test resulis obtained within a single laboratory on at least one
prior lot of the quality control material, and computing at least in part from the historical test
results a between-laboratory variability estimate that is an cstimate of the variability of test
results obtained from different laboratorics on at least one prier lot of the quality control
material; and computing the range based at least u part on the mean and the variability
cstimate compriscs computing the range based at least in part on the mean, the estimate of the
uncertainty of the mean, the within-laboratory variability cstimate, and the between-
taboratory variability estimate. The method may further comprise removing from

consideration anomalous test results found in the database of historical test resulis.

According to another aspeci, a method of establishing a sampling plan for assigning an assay
mean and range to a particular lot of a quality control material comprises setting an upper
fimit for the percentage of the assay range that is due to uncertainty in estimating the mean,
and accessing a database of historical test results obtained from tests performed on prior lots
of the quality control material. A within-instroment variability cstimate 18 computed at least
in part from the historical test results, and 1s an estimate of the variability of test results
obiained using @ single testing mstrument on at least one prior ot of the quality control
material. A between-instrument variability estimate is computed at least in part from the
historical test results, and 18 an estimate of the variability of test results obtained using
different testing instroments on at feast one prior fot of the quality control material. The
method further comprises cstablishing a sampling plan, based at least in past on the within-
and betwesp-instrument variability cstimates, to achiove an assay range having a percontage
of its width due to uncertainty o estimating the mean, the percentage being at or below the

uppor limit.

According to another agpect, a system for establishing a statistically valid assay mean and
assay range for a particular lot of a quality control material comprises a processor, @ database
holding historical test results obtained from tests performed on prior fots of the quality

control myaterial, and a memory readable by the processor. The meraory holds processor
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instructions that when exccuted by the processor cause the system to obtain a number of test
results obtained from tests on a number of samples from the particular lot of the quality
countrol material, compuie a mean of the test results, and access the database of historical test
results obtained from tests performed on prior lots of the quality control material, The
instructions further cause the system to compute at least in part from the historical test results
a variability estimate that is an estimate of the variability of test results obtained from tests
performed on at least one prior lot of the quality control muaterial, and receive a specification
of a target probability with which a new guahification test result performed on a sample of the
new ot of quality control material will falf within the assay range. The instructions further
causc the system to compute, based at least in part on the mean and the variability estimaic, a
range of test result values within which a result from a gualification test of a sample from the
particular 1ot of the quality control material is expected to fall, with the target probability. In
some embodiments, the instructions, when executed by the processor to compute the
variability estimate, further cause the processor to compuic at least in part from the historical
test results an estimate of the uncertainty of the mean; compute at least in part from the
bistorical test results a within-instrument variability estimate that is an estimate of the
variability of test results obtained using a single testing mstroment on at least one prior lot of
the quality control material; and compute at lcast in part from the historical test results a
between-instrument variability estimate that is an estimate of the variability of test results
obtained using different testing instruments on at least one prior lot of the quahity control

inaterial.

According to another aspect, an assay mean and range assignment system for establishing a
statistically valid assay mcan and assay range {or a particuler lot of & quality contrel material
comprises a database holding historical test results obtained from tests performed on prior
lots of a quality control material, and a mean deternunation module that receives a nunnber of
test results obtatned from tests on a number of samples from 2 new lot of the quality control
material and computes a mean of the test resubis. The system further comprises a variability
estimation module that corgputes at least in part from the historical tost results a variabifity
estimate that is an estimate of the variability of test results obtained from tests performed on
at least onc prior lot of the quality control maierial, and a range establishment module that
establishes, based at least in part on the mean and the variability estinate, a range of test
result valoes within which a result from a qualification test of 4 sample from the new lot of
the quality control material is expected to fall, with a target probability. In some
erabodiments, the the variability estimate comprises @ within-instrument variability estimate

that is an estimate of the variability of test results obtained using a single testing instrunient

5
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on at least one prior lot of the quality control material; and the variability estimate comprises
a between-instrument variabiity estimate that is an cstimate of the variability of test resalts
obtained using different testing fnstrumenis on at least one prior lot of the guality control
material; and the system further comprises a sampling plan establishment module that
cstablishes a sampling plan based at least in part on the within-instrament variability cstimate
and the between-instrasment variability cstimate. In some embodiments, the samphing plan
establishment module receives 8 specification of an wpper limit for the percentage of the
assay range that is due to uncertainty in estimating the mean, and establishes the samphing
plan based at least in part on the within-instroment variability estimate, the between-
insirument variability estimate, and the upper limit for the percentage of the assay range that
is duc to uncertamnty in estimating the mean. The range cstablishment module may account
for an observed relationship between the mean and variability of historical test results, In
some embodiments, the variability estimate comprises an estimate the uncertainty of the
mean; the variability cstimate comprises a within-instrument vartability estimale that is an
estimate of the variability of test results obtained using a single testing instrument on at least
one prior lot of the quality control material; the variability estimate comprises a between-
instrinment variability estimate that is an estimate of the variability of test results obtained
using different testing instruments on at least ong prior lot of the quality control material; and
the range establishment module establishes the range based at feast in part on the mean, the
estimate of the uncertainty of the mean, the within-instroment variability estimate, and the

between-instroment variability estimate.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 illustrates in flowchart form an overview of steps of a method for establishing a
statistically vahid assay mean and assay range for a particular lot of a quality control material,

in accordance with embodiments of the invention.

Figare 2 illustrates a simplificd block diagram of the interactions of various systens involved
in the assignment of assay means and ranges, in accordance with embodiments of the

tnvention,
Figure 3 illustrates a system according to embodiments of the invention.

Figure 4 illustrates in more detaif data flows involved in the assignment of assay means and

ranges, in accordance with embodiments of the invention.
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Figare § 15 a block diagram illustrating an exemplary computer system in which

embodiments of the present invention may be implemented.

DBETAILED DESCRIPTION OF THE INVENTION
Table | below is an extract of an exaraple table of assay means and ranges, as may be

published by a manufacturer of quality control materials.

Table 1. Example Assay Means and Ranges

Instrument Analyte Units Level 1 Level 2
Mean Range Mean Range
Brand A Model X i Glucose mg/dL 92 82-102 270 253-287
Brand A Model X | Cholesterol (Tot) | mg/dL 253 214-293 125 99-159
Brand B Meodel Y | Glucose mg/dL 89 75-103 288 242-334
Brand B Model ¥ | Cholesterol (Toty | mg/dL 268  230-305 128 110-146
Method Analyte Units Level l fovel 2
Mean Range Mean Range
Method A Glacose mg/dl 87.4  73.4-101 274 230-318
Method B Chelesterol {(Tot) | mg/dL 286 225-343 141 113-169
Method C Glucose mg/dl 89 74.8-103 277 222-321
Method D Cholesterol (Tot) | mg/dL 262  225-29% 128 110-145

The first part of Table 1 is organized according to particular tests performed on particular
testing instruments. In the “Instroment” seetion of Table 1, there are cight sets of means and
ranges given — two kinds of tests {ghicose and cholesterol} performed on two difforent
models of testing maching (Brand A model X and Brand B model Y, and for two different
concentrations of analyte in the quality control materials (Level 1 and Level 2). For exanmple,
an owner of a Brand 3 Model Y testing machine may refor o the third line of the table to
determine the range within which a test resull would be expected to fall for a quahification
test performed with the quality control material for which the table is produced. According to
the third line of the table, a user of @ Brand B Model Y testing machine may cxpoct a tost of
the particular Level 1 quality control material for tosting glucose to produce a test result
between 75 and 103 mg/dL, with a confidence established by the statistical methods used to
assign the range. In somc embodiments, the range may be established such that the machine
user would expect the test result to fall within the specified range about 99.7% of the time
when the testing machine being qoalified is operating properly. A test result outside the
range may thercfore raisc a doubt about whether the maching is operating proparly or the

uality conirol material has been compromised, prompting further investigation.
3 & &
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The “Method™ part of Table 1 is organized according to testing method. A laboratory using a
testing machine that is not represented in the “Instrament” section of the table may use the
“Method™ section to determing the expected range for qualification tests according to the

method used by its particular testing machine.

The abbreviated listing of Table 1 meludes 16 different mean and range entries. For the
purposes of this disclosure, each entry will be said 1o correspond 1o a “test condition”, which
may be a particular combination of factors such as testing machine make and model, analyte,
reagent, quality control material, quahity control material concentration, and test method, A
complete table may include entries for many different test conditions, encompassing dozens
of difforent testing machine models and dozens of different tests to be performed by any of
several different methods. A single product hne of quality control materials may require that
assay means and renges be characterized at over 1,500 test conditions. A manufacturer of
quality conirol materials raust cstablish cach of those mcans and ranges by statistically valid
methods, and the means and ranges must be re-established for each new lot of each quality

control material,

One techmique for establishing the means and ranges would be to simply, for cach new lot of
a particolar qoality control material, perforny tests on samples of the new lot on several
different testing machings in several different laboratories, and to statistically characterize the
results, However, this approach may be very expensive, as many tests of each
material/machine combination may be needed to account for several sources of uncertainty in

the testing process.

For example, as 1s well known, estimating a mean of a population by sampling tnvolves
uncertainty, as different sample sets will yield different estimates for the population mean.
This uncertainty is often oxpressed as a “standard error of the mean”, which is onc estimate

of the uncertainty in the mean.

Uriher sources of uncertainty arise as well. Repeated tests on a single testing machine will
vary somewhat, This variation is roferred to as “within-instroment” variability, Additionally,
tests performed using different testing machines of the same make and model will vary. This
variation is referred to as “between-instrument” variability. And tests performed in different
faboratories using testing machines of the same make and model will vary. This variation
will be referred to as “between-laboratory™ variability. In some embodiments, if may be
assumed that between-instrument and between-laboratory variabilities are interchangeable

terms. This assemption would be perfectly valid, for example, if each laboratory used only
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one instrument of any particular make and model. In practice, any error introduced by
equating between-instrument and between-laboratory variability may be negligible, For
exarple, all results from a particular Iabovatory for & particular machine make and model

may be assumed to be performed on the same testing instrument.

If mean and range values were to be assigned based only on tests of a now lot of the material,
muitiple tests would be performed using each of nwhiple testing machines at multiple
taboratories, and enough test results would be collected to account for uncertainty n
establishing the mean, for within-insirument variability, and for between-instrument or
between-laboratory variability. This approach may require a large number of tests for

statistical validity, to establish the range with confidence.

Embodiments of the invention exploit two observations to dramatically reduce the number of
tests that must be performed to cstablish statistically valid means and ranges for new quality
control material lots. First, it 1s observed that a sample mean may be estimated using a
relatively small namber of samples, as compared with the mmber of samples required to
estimate the sample variability with similar confidence. Second, it has also been realized that
while the mean test result expected from a particular quality control material varies between
lots (resulting in the need to reassign means and ranges for each new lot), the variability of

the tost results tends to remain relatively stable between lots.

Embodiments of the invention establish the assay means for a new lot of quality control
material using tests performed on the new lot of material, but utilize the database of historical
test resuits derived from prier lots to gstablish the assay ranges, which may be based on the
uncertainty in the estimate of the mean, the within-instrument variability, and the between-
instroment or between-laboratory variability. Thus, relatively fow now tests musi be
porformed o cstablish the assay means and ranges for the now lot of material In some
embodiments, the estimates of variability may be further adjusted based on the newly-
established assay mean. The assay mean and range can then be specified for each test

condition.

Historical Resulis

Nearly every qualtfication test performed on the many testing machines by the many testing
taboratories throughout the world is recorded, and the results commumicated back to the
manufacturer of the quality control material vsed in the qualification test. These qualification
tost results are accumulated in a database of historical results, and may be used in various

ways by the quality control material manufacturer. Such a database may include millions of

9
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individual qualification test results, spanning years of data gathering. Each recorded record
typically indicates the test condition at which the result was taken, and may incluade such
information as the faboratory where the qualification test was run, the type of quality conirol
material used in the test, the make and mode! of testing instruraent oun which the qualification
test was run, the analyte being tested, the reagent used, the test method used, and the test
resubt. Other kinds of information could be included as well, The database may therefore
contain the results of many tests performed uvsing prior fots of each quality control material at

cach test condition of interest.

Example Assay Mean Computation

In some embodiments, the assay mean 1s computed as an average of test resalts obtained from
tests of the new lot of quality control material, performed under like test conditions. The like
test conditions may include using testing machines of like make and model in the different
laboratories, for example. In some cases, tests performed on a smgle testing instrument may

be sufficient. The mean may be computed as follows:
Lety be the / test result reported by the #*lab, i =1, ...,L, /= 1,...» and n;
i

1s the namber of reported results for cach reporting lab. Note that it 15 not

necessary that all of the laboratories perform the same number of tests.

Let ¥ be the mean of the reported results for the i {ab.
H

;
v
o,

The assay mean is computed as the average of all the lab mcans:

1
Mean = EZY
i=1

According to embodiments, the within-instrument variability is estimated using historical
data from qualification tests performed on prigr kois of the particular quality control material,
across multiple testing machines, which likely reside in mwltiple laboratories. Depending on
the make and model of testing machine corresponding to the test condition of interest, there
may be many test results, possibly many thousands of results, in the databasc that are usable

for ostimating the within-instrument variability, ¥n some embodiments, the within-instroment

10
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variability may be computed as an average variance of test results obtained from mmdividuoal
testing machines (an average of variabilitics), or otherwise derived from the variances of tost
results from the individual testing machines, The estimate may be corrected for bias, The

within-instrument variability estimate may be computed as follows:

S For each reporting lab, compute the sum of the reported resuits: 5,
. Nl
5,=2.Y
j=1
For cach reporting lab, compute the sum of reported results squared: ;
2
SS =Y,
oo
j=1.
Compute the sum of all reported results from all Iaboratories: ‘Y;ﬁ
5= Haccod 'Sf
=1

i
Compute the total number of reported resalts from all laboratorics: N= % 741,
bl
[

From the above quantities, compute the sum square within,

16 and conpute the within-fab variance, %‘V = SSM’ / ( N— i}
v

The within-fab standard deviation can then be computed as ) Dv' ‘\/V
y

Mote that these computations make the assumption that all results from a particular laboratory
are obtained using the same instroment. Of course, separate instruments could be tracked

15 separately. The within lab standard deviation 5D, is an cxample of an estimate of within-
instrument or within-laboratory variability. As is explained in more detail below, the
estimate may be further adjosied based on the mean determined above before computing the

fimits of the assay range.

Example Between-instrument (Laboratory) Variability Computation

20 According to embodiments, the between-instrument variability is also estimated using
historical data from gqualification tests performed on prior lots of the particnlar quality control
material, across multiple testing machines, which likely reside in mudtipic laboratorics. Each
particular testing machine may produce results that differ from resulis obtained from other
machines of like make and model. The differences may result from differences in calibration

25 or operational techniques. Depending on the make and model of testing machine

corresponding (o the test condition of interest, there may be many laboraiories, possibly

i1
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hondreds, that gse the testing machine, and whose qualification test results are in the
historical database and arc usable for cstimating the between-instrument variability, In some
embodiments, the between-instrument variability may be computed as & variability between
average test results obtained from different individual testing machines (a2 variability of
averages). The between-instrument variability estimate may bo computed as follows,

ptilizing the quantities §, 55, and N defined above:

Compute sum square between: L2 g2
SS,= > L—
N
Coropute ; L0
1 Mﬁ"- :
— i=1 |
= N—= |
{~1 N
\ J
Compute between-lab variance, /- i1 v
, SS; [iL-1)-V,
Vi, = Max| O, 5t -

Compuite between-lab standard deviation, 35}5 - \/f{];

The between-laboratory standard deviation S8 is an example of an estimate of betwesn-
taboratory or between-instrument variability., Ag is explained in more detail below, the
cstimate may be further adjusied based on the mean deterroined above before computing the

Hmits of the assay range.
On the assumption that the within- and between- instrument variabilitics are the two sources

of variation that contribute to the total variability SDy, then SD, = 4/ SDS 4+ 8D

Adjustment of Variability Estimates Based on Mean

In some embodiments, the estimates of within-instrument, between-instrument, and total
variability may be adjusted before proceeding further, For example, it has been observed that
the within-instriment variability, such as STy, varies as a function of the mean test result for
the particular qoality control material of mnterest. (The mean test result will vary as a function
of the concentration of the analyte in the quality conirol material, which varies between 1018}
In one hypothetical scenario, a first lot of the particular quality control material may produce
slightly higher mean test results than a second lot, and the results may also vary more within
a particular testing mstrument for the first 1ot than for the second. That is, in this hypothetical
example, within-instrument variability is postitvely corrclated with the mean tost result,

Because the estimate of the mean computed for a new lot of the quality control material may
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differ from the average of the means from prior lots, 1t may be desivable to adjust the

variability estimates, in accordance with the observed relationship of variability and mean,

To characterize the relationship of mean and variability, a regression analysis may be
performed on data from the database of historical test resuits, for each test condition of
interest. Once the relationship is known, the variability estimates may be adjusted.
Preferably, separate corrclations and adjustments are performed for the separate within-
instriment, between-instroment, and total variability estimates. I regression analysis is
performed to establish the relationship between mean and variability for any two of the three
variabilities (within-instrument, between-instrument, and total), then the third reletionship
can be established directly from the equation relating total variability to between-instrument

and within-instrument vanability,

Orther techniques may be utibized for accounting for an cbserved relationship between
variability and mean tost result. For example, another way to establish the vanability
estimate would be to identify, in the database of historical test results, a specific prior lot of
the quality control material that has a mean test result comparable to the mean test result
computed for the new lot of quality control material. In this embodiment, the variability of
test results from the specific prior lot is computed, and the variability estimate for the new lot
of quality control material is then assigned to be equal to the computed variability of test
results from the specific prior lot of quakity control material. Whether the mean of a prior lot
is comparable 1o the mean computed for the new lot of material may be established in any
smutable way. For example, a prior lot may be considerad to have 8 comparable mean il its
mean is within 19, 2%, 5%, or ancther suitable percentage of the mean of test results from
the new lot. Or a prior lot may be considered to have a comparable mean if its mean is within
the standard error of the mean computed for the new lot of quality control material, as

described below.

Example Frror of the Mean Estimation

The range of test results within which a new test result, rosulting from a test performed on
any instrument in any laboratory, is expected to fall is widened by several factors, including
the uncertainty of determining the sample mean, the within-instrument variability, and the
between-instrument variability. The uncertainty in the estimate of the mean depends on the
number of mstruments and samples used to compute the estimate of the sample mean, and on
the between-nstrument and within-instrument varability. In embodiments of the mvention,

very few samples may be osed to estimate the assay mean, for example as few as four

13
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samples. 1 the estimate of the standard ervor of the mean were t6 be computed based on the

same small number of samples, the assay range may be ondesirably unrcliable.

Thus according to embodiments of the invention, the uncertainty in the estimate of the mean
is computed using variabibity data from the database of historical results, becaose a much
farger sample size is available with which to estimate the vartability. 1n some embodiments,
the standard crror of the mean is used as the uncertainty estimate of the mean, according to

In this formula for the standard crror of the mean (SEM), the torms Py and Vy arc the within-
and between-instrument or between-laboratory variances computed above, £ s the number of
taboratories, and », is the number of reported resulis for cach reporting lab used to estimate

the new quality control lot mean.

Fxample Assay Range Determination

Once the error of the mean and the within- and between-instrument variabilities have been
estimated, the assay range can be determined. The expected distribution of test results, taken
using any testing Instrument in any laboratory, will be centered on the assay mean, and have a
width that 16 mflucnced by the uncertainty 1 the estimate of the mean, as well as the within-
and between-instrument variabilitics, Using the estimates computed above, a standard

deviation of the distribution of expected test results may be computed as:

SD, =/ SD} +SDL, + SEM’

For the parposes of this disclosure, an estimate of population variability inchuding the
estimate of the standard crror of the mean and the within- and between-instrument vasiability
estimates will be referred to as an estimate of the “overall” varability (which ig different than
the “total” variability discussed above).  SDy as computed above is an example of an overall
variability estimate, The assignment of the assay range is then made to encompass a
specified portion of the expected test result distribution. For example, if it is desired that the
assay range encompass 99.7% of all expecied test results from testing machines operating
under statistical control, the range may be set at Mean 3% 5D, . In that case, then a test on
a sample of the new lot of quality control material would be expected to fall within the
specified range with probability of 99.7%, regardiess of which instrument is used to perform

the test, and regardless of which laboratory the instrument resides i In another example, if

14
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it is desived that the assay range encompass 95.4% of all expected test results, the range may

material would be expected to fall within the specified range with a probability of 95.4%, for

any normally-operating test insfrument in any lab,
Curation of Daia

Preferably, all of the data used in the determination of assay means and ranges, including the
data in the database of historical results and the results of tests performed on a new lot of
quality control material, 1s “curated” before use. That s, the data 15 examined and clearly

erroneous or anomalous data is either correcied or removed from consideration.

Anomalous data may arise from many causes. For example, different laboratories report their
gualification test resulis to the quality control material manufactarers in different ways.

Some testing machines may be avtomated and connected to a computer network, so tha
qualification test results are transmitted automatically and clectromically with hitle
opportunity for homan error, although coliection and transmission grrors are possible. Some
taboratorics may record qualification test results manually, so that many other opportunitics
for error are present. For example, digits may be transposed or nustyped, or the units of
measure for 4 particular test may be entered incorrectly. In the latter case, a test whose
results are properly reporied in mifligrams per liter could mistakenly be reported in grams per
fiter, so that the reported results differ from the actual results by a factor of 1000, Many,

many other error sources are possible.

It 15 mportant, however, net to remove data that are hikely to be within the normal
distribution of test results, but merely in the tails of the distribution. Examples of eriteria by

which a test result may be excluded include:

= test result 1s outside the range of possible resulis for the test of interest;

= fest result differs from the average test result by more than a specified number
of standard deviations of the population of similar tests, for example four, five,
or six standard deviations;

® test result is a negative number for a quantity that can only be measured in
positive numbers;

= test result exceeds the average result of stmilar tests by more than a specified
factor, for example a factor of 100 or move; or

s veported units of a test result are meonsistent with the nature of the test Hsclf.
Many other criteria for exchiding data may be envisioned and vsed within the scope of the
appended claims. In some embodiments, data may not be exchuded automatically, but an

15
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automated system may flag suspicious data for review by a skilled operator, who may then

decide which data are to be excluded, if any.

Sampling Plan Specification

The database of historical tost results may be cxploited for other uses as well. For example,
as is gxplained above, the uncertainty in the estioate of the mean is influsnced by the number
of samples tested to establish the assay mean, the within-instrument variability, and the
between-instrument ({aboratory) variability, I is dosirable that the crror of the mean
contribute only a small portion of the width of the assay range, for example no more than
12% of the range width. However, without prior knowledge of the within- and between-
imstrament variabilitics, 1t is difficult or impossible to know how the assay range width will
be influenced by tests conducted on different instruments and at differcut laboratorics, If the
number of samples used to cstablish the assay racan and the allocation of tests to different
testing instruments and laboratories are chosen blindly at the beginning of a2 mean and range
asstgnment process, 1t may be discovered at the end of the process that the range is

unnccessarily wide due o an excessive contribution from the uncertainty in the mean.

The databage of historical test results can be utilized for designing a sampling plan, to
tintrnize the number of tests that must be done in order to esiablish an assay mean and range
for which the uncertainty m the mean contributes an acceptably small portion of the assay
range. For example, it it is known o priori that for a particular test condition, the between-
insirument or between-laboratory variability is very small in relation to the within-instrument
variability, it may be possible to establish the assay mean using tests conducted on only a
single testing machine, as tests conducted on other machines would likely merely duplicate
those of the fivst machine. However, if the between-instrument variability is large in relation
to the within-instroment variability, it would be very important to test using multiple
machines, 1o account for the between-instrument variability. In this case, relatively few tests
may be required on each machine, as a small within-instnnment variability indicates that such
tests may quickly become redundant, When the within- and between-instnment variabilities
arc closcly balanced, then it may be necessary to perform multiple tosts on cach of several
testing instruments.

Table 2 below illustrates the effect on a sampling plan of different relationships of within-
and between instrument variabilitics. The effects are given in terms of the ratio & of the
between-lab (instrument) variability to the within-lab Gnstrument) variability, that 1s

k=35D,/8D, , and the portion of the assay range that is sttributable to the orror of the mean
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for different sampling plans. As can be seen from Tuble 2, if the between-lab variability i
very small in relation to the within-lab variability (£ =0.1}, it may be necessary {0 test only on
a single instrument to establish the mean with sufficient confidence that only a small portion
of the assay range will be attributable 1o the uncertatity in the mean. Using a 12%
contribution as an example, it can be seen that in the “k=0.1" colammn of Table 2, that four or
more tests parformed on a single testing machine are sufficient. Alternatively, if two or three
instruments are used, then two or more tests on each machine are sufficient, and if four

mstruments are used, thon only one fest on cach maching is needed.

If /=2, then at least four testing machines would have to be utilized to achiove a 12% or less

contribution to the assay range width, as can be seen in the “4=2" column of Table 2.

If /=0.5, then any of several sampling plans may suffice, including four or more tests on each
to two instruments, two or more tests on cach of three instruments, or one or more tests on

cach of four mstruments.

By estimating 5735 and SOy beforchand using the historical test data, a tester may be sble to

safely design an efficiont sampling plan for the determination of a new assay range.
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Table 2. % Increase in Range due to Uncertainty of Mean Estimate

4 of Between-Lab SBis  Between-Lab 8D is Between-Lah SD Between-Lab SD s 2

# Lahs?.i Heps Data lj}f.ﬂ ags I,arge‘as 1/,:.2 -.1? Large 33 Kguals Within- fimes Larger Than
i Lab y Within-Lab 8D Within-Lab 5D X . e s o !
Points (k=8.1) (k=05 Lab Sk (=1}  Withia-Lab 8D (k=23
1 1 1 41% 41% 41% 41%
1 2 2 23% 26% 3204 38%
1 3 3 16% 21% 29%, 37%
1 4 4 12% 18% 27% 36%
1 5 S 10% £7% 26% 36%
1 5} 4] 8% 15% 26% 359%
1 7 7 7% 13% 25% 35%
1 8§ 4 &% 14% 25% 35%
1 9 3 14% 25%% 35%
1 10 10 13% 24%, 35%
2 1 2 22% 22% 22%
2 2 4 14% 17% 20%
2 3 6 1% 15% 2%
2 4 b 0% 15% 19%
2 5 10 3% 14% 19%
2 & 12 8% 14% 1%
2 7 14 4% R 13% 9%
2 g 16 3% 7% 13% 19%
2 9 {8 3%, % 13% 1%
2 10 20 3% 7% 13% 19%
3 ! 3 15% 13% 15% i 5%
3 2 & 8% 1{1% 12% 14%
3 3 9 5% 7% 11% 14%
3 4 12 4% 6% 10%% 13%
3 5 15 3% &% 10% 13%
3 & I8 3%, 5% % 13%
3 7 21 2% 5%% 8% 13%
3 i 24 2% 5% % 3%
3 9 27 2% 5% Yo 13%
3 ig 3G 2%, 5% 9% 13%
4 1 4 12% 12% 2% 12%
4 2 8 &% 7% e 11%
4 3 12 4%, &% 8% 1%
4 4 16 3% 5% 8% 1%
4 5 24 3% 4% 7Y% (%
4 & 24 2% 4% 7% 1%
4 7 28 2% 4% % 10%
4 83 32 2% 454 T% %
4 9 36 1% 4% T 0%
4 1 44 1% 3% 7% 10%

Figore 1 illustrates in flowchart form an overview of steps of a method 188 for establishing a

statistically valid assay mean and assay range for g particular 1ot of 8 quality contrel material,

{9

in accordance with embodiments of the invention. It will be recognized that some steps

illustrated in Figore 1 are optional or may not be performed in some embodiments. In

18
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addition, the order of steps may be rearranged when appropriate. While the flow chart of

Figure 1 is shown as sequential, some steps may be performed in parallel with other steps.
&y 2 o X

In step 181, the database of historical test results is coliected, as described above, That is,
testing laboratories record and report the results of qualification tests, and report the resalts
along with information identifying the test condition for each result. The results may be
reported 1o the manufacturer of the guality control material used v cach qualification rest. In
step 102, the data in the database is corated to remove clearly ervoneous or anomalous entries.
The database preferably includes the results of many qualification tests, encompassing prior

fots of the quality control material for which a new mean and assay range are desired.

In step 183, an opper Himit is set for the percentage of the assay range that will be due to the
oacertainty in cstimating the mean, In some embodiments, this fimit may be set at 6%, 8%,
10%, 12%, 15%, 20%, 25%, or another suitable value. The Hmit may be sclected by the
entity performing the method, and may be selected arbitranily, or for reasons chosen by the

entity establishing the Hmit,

In step 184, the database of historical results is accessed and used to estimate the within- and
between-instrament variabilities of prior lots of the quality control material. As is explained
above, the variability estimates may be expressed as standard deviations 8Dy and S5, Other
kinds of variability cstimates may be used i embodiments, for example maximum likekhood

or restricted maxiroum Bkelihood estimates of variances.

In step 165, a sampling plan is determined, based at lcast n part on the within- and between-
instroment variability estimates. The sampling plan may mdicate how many samples of the
new ot of quality control material need be tested on how many different testing machines in
order that the mean can be cstimated preciscly cuough that the uncertainty in the mean
contributes no more to the width of the assay range than the upper limit set in step 183, Ifthe
estimates of within- and between-instrument variability are expressed as standard deviations

8Dy and SDp, Table 2 may be used to gstablish the sampling plan.

In step 106, samples are tested of the new lot of qualtty control material for which a new
assay mean and range are desired. The samples may be tested according to the samphing plan

established in step 185,

In step 107, the estimates of between- and within-instrument variability may be adjusted
basod on the mean computed 1 stop 186, according {0 historical relationships botween
variabilities and means for the test condition of interest. For example, regressions may be
performed on data from the database of historical results, to establish the expecied

19
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relationships between the mean and the within-instrument variability and between the mean

and the between-instnmment variability,

In step 108, an estimate of the overall variability 18 computed from the within- and between-
mstrament variability estimates, and an estimate of the uncertainty in the mean. Asis
explained above, the standard error of the mean may be used as the estimate of the
uncertainty in the mean., The standard deviation SO may be used as the estimate of the
overall variability, although embodiments of the invention may use other reassures of overall
variability,

in step 189, a target probability is sct for the probability that a new qualification test result,
performed on a properly-functioning testing machine in a laboratory that is operating under
statistical control, will fall within the assay range to be established. Por example, the targe
probability may be set at 75%, 80%, 0%, 95.4%, 99%, 99.7%, 99.9%, or any other suitable

value.

And in step 118, the limits of the assay range arc established. Preferably, the range is
centered on the caloulated mean, and has a width such that new qualification test results will
fall within the range with the target probability established o stop 199, When the overall
variability is cstimated using a standard deviation SDy |, the range may be established using
the number of standard deviations that are required to encompass the desired proportion of

qualification test results.

At least stops 104- 118 may be repeated for each new test condition of interest, for example a
new combination of testing instrument make and model, test method, particular quality

control material, and quality control material concentration.

Figure 2 illostrates a simplified block diagram of the mteractions of various systems
tnvolved in the assignment of assay means and ranges, in accordance with embodiments of
the invention. A number of laboratories 281a-h record the resulis of qualification tests.
Those results are collected in a database of historical results 282, and may be curated as
described above. In Figore 2, cight laboratories utilizing three different testing machine
models are depicted, but it will be recogmized that many more laboratories and testing
machine models may be present. A assay mean and range assignment system 203 accosses
the database 282, and performs the calculations for assigning the mean and range. Assay
mean and range assignment system 283 may first utilize data from databasc 282 to formulate
a sampling plan 284, and samples of a new lot of quality control material may be testod 205

-

in accordance with the sampling plan. The results of those tests are conmmunicated back to
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assay mean and range assignment system 283, which computes and ootputs the assay mean

and range 206.

Figure 3 illustrates assay mean and range assignment system 283 in more detail. Assay
mean and range assignment system 283 mchudes database 2082, which recetves vesults from
qualification tests 3¢1 performed on a number of different testing mstruments, as described
above. The systen further includes a mean determination module 382 that receives the
results of tests performed on samples of the new lot of quality control material and computes
the mean of the test results. System 283 also includes a variability estimation module 383
that computes an estimate of the variability of test results obiained from tests perfornied on at
feast one prior ot of the quality control material, using data from database 282, A range
establishment module 384 receives the mean and the variability estimate, and also a target
probability 386 with which a new qualification test result performed on g sample of the new
tot of guality condrol material should fall within the assay range, and computes the assay
mean and range 266.  System 2863 may also inchude a sample plan estabhishment module 388
that formmilates sampling plan 284 based on data from database 282 and one or more other
inputs, for example a specification 307 of an upper limit for the percentage of the assay range
that 1s due 1o uncertainty in estimating the mean. Modules 382-385 may be tmplemonted in
hardware, software, firmware, or a combination of these, for example using 2 computer

system as described in more detail below,

A more detailed deseription of various data flows, in accordance with embodiments, is shown
in Figure 4. For the purposes of this disclosure, “peer” data from the database are data that

can be used in establishing an assay mean and range for a particular test condition,

Figure 5 is a block diagram iHustrating an exemplary computer system 388 in which
crabodiments of the present invention may be mplomented. This example ilustrates a
computer system 388 such as may be used, in whole, in part, or with various modifications, 1o
provide the fimctions of assay mean and range assignment system 283 and/or other
components ofthe mvention. For example, various functions of assay mean and range
assignment system 283 may be controlled or performed by computer system: 588, inciuding,
merely by way of example, the estimation of the within- and between-instrument variabilities,
the computation of the mean and the uncertainty in the estimate of the mean, regressions and
the adjustiment of the within- and between-instrument variability estimates, the computation

of an overall variability estimate, and the computation of the assay range.
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Computer system 386 is shown comprising hardware eloments that may be electrically
coupled via a bus 598, The hardware clements may include one or more central processing
units $16, one or morg input devices 528 (e.2., a mouse, a kevboard, ctc.), and one or more
output devices 830 (e.g., a display device, a printer, ot¢.). Computer system 308 may also
inchide one or more storage devices 548, By way of example, storage device(s) 548 may be
disk drives, optical storage devices, solid-state storage device such as a random 8cCgss
nemory {C“RAM™) and/or a read-only memory (“ROM™}, which can be programmable, flagh-

updateable and/or the like,

Computer system 56¢ may additionally include a computer-readable storage media reader
556, a communications system 568 (c.g., 2 modem, a network card (wireless or wired), an
infra-red commumnication device, Bhuetooth™ devige, cellular communication device, etc.),
and working memory 588, which may include RAM and ROM devices as described sbove.
In some embodiments, computer systom 588 may also include a processing aceeleration unit
§78, which can incluade a digital signal processor, a special-purpose processor and/or the like.
Computer-readable storage media reader 556 can further be connected to a computer-
readable storage medium, together (and, optionally, in combination with storage device(s}
844 comprehensively representing remote, local, fined, and/or removable storage devices
plus storage media for temporarily and/or more permancnily containing computer-readable
mformation. Commumications system 568 may pernt data to be exchanged with a network,

syster, compuier and/or other cormaponent described above,

Computer systern 588 may also comprise software clements, shown as being currently
focated within a working memory 388, including an operating systemn 884 and/or other code
S88. It will be appreciated that alternate embodiments of computer system 588 may have
umerous variations from that described above. For cxample, customized hardware might
also be used and/or particular elements might be implemented in hardware, software
(including portable software, such as applets), or both. Furthermore, comection to other

computing devices such as network input/cutput and dats acquisition devices may also ocour.

Software of computer systern 888 may include code 588 for implementing any or all of the
fimetion of the various clements of the archiiceture as described hercin, For example,
software, stored on and/or executed by a computer sysiem such as system S8, can provide
the functions of assay mean and range assignment systern 283 and/or other conponents of the
nvention such as those discussed above. Methods implemerndable by software on some of

these components have been discussed above n more detail.

]
]
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The mvention has now been described in derail for the purposes of elarity and understanding.
However, it will be appreciated that certain changes and modifications may be practiced

within the scope of the appended claims.
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Claims

1. A computer-implemented method of establishing a sampling plan for assigning an assay

mean and range to a particular lot of a quality control material, the method comprising:

setting, on a computer, an upper limit for a percentage of the assay range that is due to

uncertainty in estimating the assay mean;

accessing, by the computer, a database of historical test results obtained from tests

performed on prior lots of the quality control material;

computing, by the computer, at least in part from the historical test results a within-
instrument variability estimate that is an estimate of variability of test results obtained using a

single testing instrument on at least one prior lot of the quality control material; and

computing, by the computer, at least in part from the historical test results a between-
instrument variability estimate that is an estimate of the variability of test results obtained using

different testing instruments on at least one prior lot of the quality control material; and

establishing, by the computer, a sampling plan, based at least in part on the within- and
between-instrument variability estimates, to achieve an assay range having a percentage of its
width due to uncertainty in estimating the assay mean, the percentage being at or below the

upper limit.

2. The method of claim 1, wherein the sampling plan specifies a number of samples of the
particular lot of quality control material that must be tested in order to establish the assay mean

within a threshold level of uncertainty that the percentage is at or below the upper limit.

3. The method of claim 2, wherein the sampling plan specifies the minimum number of
samples of the particular lot of quality control material that must be tested in order to establish
the assay mean within a threshold level of uncertainty that the percentage is at or below the

upper limit.

4. The method of claim 2, wherein the sampling plan specifies how may labs or instruments

must be used in conducting the tests on the particular lot of the quality control material in order

24
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to establish the assay mean within a threshold level of sufficiently small uncertainty that the

percentage is at or below the upper limit.

5. The method of claim 4, wherein the sampling plan specifies how many repetitions of tests
must be conducted on the particular lot of the quality control material at each of the labs or
instruments in order to establish the assay mean within the threshold level of uncertainty that the

percentage is at or below the upper limit.
6. The method of claim 1, wherein the upper limit is 12%.

7. The method of claim 1, further comprising receiving at least on input, and wherein the
upper limit for the percentage of the assay range that is due to uncertainty in estimating the assay

mean is set based on the received input.

8. The method of claim 7, wherein the input specifies the upper limit for the percentage of

the assay range that is due to uncertainty in estimating the assay mean.

9. The method of claim 1, further comprising executing the sampling plan to thereby

establish a statistically valid assay mean for the particular lot of the quality control material.

10.  The method of claim 9, wherein executing the sampling plan comprises testing samples

of the particular lot according to the sampling plan.

11.  The method of claim 10, further comprising adjusting variability estimates based on the

established assay mean.

12.  The method of claim 11, wherein the variability estimates are further adjusted according

to historical relationship between a historical mean and historical variabilities.

13.  The method of claim 12, wherein the historical variabilities comprise: within-instrument

variability; and between-instrument variability.
14.  The method of claim 12, further comprising computing an overall variability estimate.

15. The method of claim 14, wherein the overall variability estimate is computed based on

the variability estimates and an estimate of the uncertainty of the assay mean.

25
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16.  The method of claim 15, further comprising establishing limits of the assay range.
17. The method of claim 16, wherein the assay range is centered around the assay mean.

18.  The method of claim 16, wherein the assay range is established using a number of

standard deviations selected to encompass a desired proportion of test results.

19. A non-transitory machine readable medium having tangibly stored thereon executable
instructions that, in response to execution by a processor, cause the processor to perform the

method of any one of claims 1 to 18.

20.  An apparatus, comprising a processor configured to perform the method of any one of

claims 1 to 18.
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